Abstract: Erabutoxins a and b are neurotoxins isolated from venom of a sea snake Laticauda semifasciata (erabu-umihebi). Amino acid sequences of the toxins indicated that the toxins are members of a superfamily consisting of short and long neurotoxins and cytotoxins found in sea snakes and terrestrial snakes. The short neurotoxins to which erabutoxins belong act by blocking the nicotinic acetylcholine receptor on the post synaptic membrane in a manner similar to that of curare. X-ray crystallography and NMR analyses showed that the toxins have a three-finger structure, in which three fingers made of three loops emerging from a dense core make a gently concave surface of the protein. The sequence comparison and the location of essential residues on the protein suggested the mechanism of binding of the toxin to the acetylcholine receptor. Classification of snakes by means of sequence comparison and that based on different morphological features were inconsistent, which led the authors to propose a hypothesis "Evolution without divergence."
Introduction
There are two main species of sea snakes in Okinawa. One is called "Erabu (name of an island in Okinawa)" (Laticauda semifasciata) and the other is "Hiroo (wide tail)" (Laticauda laticaudata).
1) The snakes are about 1 m long. The toxicity of the sea snake venom is known among local people by the fatal bites, but its systematic investigations were rarely found. Carey and Wright 2) isolated a neurotoxic component from closely related sea snake Enhydrina schistosa, but the studies were not aimed at characterizing the toxic component in view point of protein chemistry. The toxic components from L. semifasciata and L. laticaudata were isolated and suggested to be small basic proteins.
3), 4) In the course of analyzing the primary structures of sea snake toxins, 5),6) the authors recognized that the toxins constitute a large superfamily of neurotoxic proteins including not only those from sea snakes but those from variety of terrestrial snakes. This review focuses on the structure, mechanism of action, and evolutionary relationships of snake venom toxins.
Isolation of toxins and demonstration of their toxicity
The sea snakes were provided from local collectors. In Okinawa, the snake meat and skin are commercially useful for food and handicrafts, but snake heads were useless. The heads were cut off at the capture site, and given to us. The venoms from both species, L. semifasciata and L. laticaudata, were colorless viscous solution. The venom glands were cut off from the heads and freeze-dried. The venom components were extracted with 0.01 M acetic acid from the dried glands, and were separated by column chromatography on CM-cellulose. Two toxic components obtained from L. semifasciata venom were named erabutoxin a (Ea) and erabutoxin b (Eb). Ea and Eb fractions were desalted and freeze-dried. Both Ea and Eb showed the LD 50 values of 0.15 µg/g body weight of mice. 4) The two toxins explained 95% of the original venom lethality. Each of the toxins showed a single band on disc electrophoresis and on ultracentrifugation. The amino acid analyses showed that each toxin consisted of 61 amino acid residues (later corrected to be 62 residues). 4) A minor toxic component from L. semifasciata, which accounted for 5% of the original venom lethality, was later isolated and named erabutoxin c (Ec). Ec was also a basic protein of 62 residues, and its LD 50 was 0.13 µg/g body weight of mice, a value similar to those of Ea and Eb. 6) Still another toxic component, laticauda semifasciata III (component LsIII), was isolated, which was composed of 66 residues, and had only 15% of the lethality as those of erabutoxins. 7),8) A toxic component isolated from L. laticaudata was named laticotoxin a (La, deposited in NCBI database under the name, short neurotoxin OKI-01/OKI-19). This toxin was also a basic protein of 62 residues, and its LD 50 was 0.13 µg/g body weight of mice. 9) Toxicity of Ea and Eb was demonstrated with isolated frog muscle. 4) In the aerated Ringer solution, the contracture of frog (Rana nigromaculata) sciaticnerve-sartorius-muscle preparation by indirect electric stimuli through the nerve was inhibited, but the contracture by direct stimuli of the muscle was not inhibited (Fig. 1) . Acetylcholine-induced contracture of frog rectus abdominal muscle was inhibited by the toxins (Fig. 2) . These results clearly demonstrated that the toxins interfered with the binding of acetylcholine to the acetylcholine receptor (AChR) on the post synaptic membrane in a manner similar to that of curare, because they blocked neuromuscular transmission, and inhibited the muscle contraction induced by acetylcholine. 4),10) The toxin was suggested to exert toxicity by blocking respiration, because mice injected with lethal amount of the toxin were rescued by artificial respiration.
The dissociation constant (K D ) of a complex of erabutoxin with AChR was later estimated to be 10 # 10 !11 M for Ea, 4 # 10 !11 M for Eb and 6 # 10 !11 M for Ec, 8) whereas LD 50 values were similar (0.13-0.15 µg/g body weight of mice, vide supra). For a toxin of extreme affinity to AChR, the fatal dose may be related to the number of AChRs necessary to keep the victim's respiration.
Expedition to collect sea snakes
One of the authors (N.T.) presented the results obtained in early days of the research 3),4) at the First International Symposium on Animal Toxins in 1966. 11) Many proposals for collaborations were made and the author was invited to join the sea snake expeditions to be held by Scripps Institution of Oceanography, University of California, San Diego on Research Vessel Alpha Helix in Dec. 1972 -Jan. 1973 and Dec. 1975 -Jan. 1976 (Chief Scientist: Dunson, W.A.). In the expedition, the author learned the way to organize similar expeditions for more snake collections later. The author also could make many biologist friends who helped him in later snake collections.
In the expedition 453 sea snakes of 15 species (identified by Dr. H.G. Cogger of the Australian Museum) including nonvenomous snake Emydocephalus (fish egg eater) were collected in the Pacific and Indian Oceans. In case when snake bodies were not needed for other studies, the venom was ejected by pressing the venom glands of the upper jaw from outside through the grooves on the upper front fangs, and the snakes were released to the sea. The venom was immediately extracted with 0.01 M acetic acid. The fact that the sea snake toxins are stable in 0.01 M acetic acid was very helpful for the venom collection at the remote places. Some of the venoms were chromatographed on a CM-cellulose column on the Vessel. Lethality of sea snake venoms collected in the expeditions is shown in Table 1 together with other data.
12) The lethal activities were found in basic protein fractions, suggesting the presence of components similar to erabutoxins.
There is a report that an expedition group visited Rennell Island, which is located to the south of Gadalkanal Island of Solomon Islands. They found sea snakes there and gave tentative name, after the name of the expedition group "Crocker's sea snake." We visited Tengano Lake of the island and found sea snakes there in 1980 and 1983. The lake is separated from the sea but the sea water comes in and goes out on tide through a small groove in the Tengano village. Local people say that there are sea snakes called "Tugihono" and "Ungveruna." We found small L. laticaudata. (about 80 cm long) and large L. semifasciata (the largest one we observed was 1.8 m long). L. laticaudata looked very different in appearance from those in Okinawa, Taiwan, Philippines, Papua New Guinea, New Caledonia, Vanuatu, Fiji and Australia, but L. semifasciata looked very similar at these places.
Amino acid sequences of snake toxins
In 1967, Eaker 13) in Sweden sequenced the amino acids of neurotoxin , from Naja nigricollis (African cobra), which had been isolated by Boquet 14) of Pasteur Institute. A toxin from Naja atra (Formosan cobra), cobrotoxin was sequenced by Yang.
15) The sea snakes in South Pacific and Indian Oceans are closely related. The authors worked on Australian snakes which have also similar toxins. 16 ), 17) We found erabutoxins in 1964 3) and sequenced them in 1971. 5), 18) We found several more homologous components from sea snakes and sequenced them.
6),7),16), 17) There are now 475 homologous proteins, isolated from sea snakes and terrestrial snakes, registered in Pfam database (http://pfam. janelia.org/family/PF00087). They were classified into three groups by the sequence, 19) namely short neurotoxins (around 60 amino acid residues), long neurotoxins (around 70 residues) and cytotoxins (around 60 residues). Cytotoxins, alternatively known as cardiotoxins, do not have affinity to AChR, and cause fibrillation of the heart muscle. 20) Recently new variants of the long neurotoxins were found. Whereas the canonical long toxin has a C-terminal extention to the short toxin, the new variant has an N-terminal extension, instead, 21) and will be called longN neurotoxin, in this account. We had short and long neurotoxins but no cytotoxins or longN neurotoxins in sea snakes.
Sequence alignment of selected snake toxins are shown in Fig. 3 . Four disulfide bridges are found in common in short, long and longN neurotoxins and cytotoxins. An additional disulfide bridge is present in long and longN neurotoxins, whose positions are different in the two groups. General features of protein folding and disulfide bridges of representative short and long neurotoxins are schematically illustrated in Fig. 4 . There are medium-sized neurotoxins (around 65 residues), one of which (No. 19 in Fig. 3 ) belongs to the short toxins having four disulfide bridges, and the other (No. 23) belongs to the long toxins having five disulfide bridges. Sequence alignments composed of more short and long neurotoxins, as well as cytotoxins, can be found elsewhere.
7),22)
Evolutional aspects of snakes based on the sequence comparison of neurotoxins
From the nomina of snakes recorded in NCBI sequence database (http://www.ncbi.nlm.nih.gov/ sites/entrez?dbFprotein), the phylogenetic tree in superfamily Colubroidea can be constructed as shown in Fig. 5a . From the comparison of the sequences of short toxins, snakes in families Elapidae and Hydrophiidae may be classified into four groups as shown in Fig. 5b . Snakes in family Colubridae are not included in this figure, because they have no short neurotoxins deposited in the NCBI database. It seems they have only longN neurotoxins, which are lacking in snakes of the other families. This grouping (Fig. 5b) is only in part conform to the phylogenetic tree shown in Fig. 5a .
Classification of snakes based on morphology is more controversial, because different taxonomists classified snakes differently. For example, Smith 23) classified Laticauda (in subfamily Laticaudinae) and Hydrophis (in subfamily Hydrophiinae) in the same family Hydrophiidae, whereas Dowling 24) classified them in family Elapidae. On the other hand, McDowell 25) classified Laticauda in family Elapidae and Hydrophis in family Hydrophiidae. Matsui's classification 26) is similar to that of Dowling, but division into subfamilies in family Elapidae is different. Differences in the classification might have resulted from the fact that different taxonomists attach importance to different morphological features.
Different morphological features, as well as sequences of different proteins, of an organism are a consequence of the expression of different parts of the genome. Difference in the phylogenetic trees based on different morphological features and protein sequences may mean that different parts of the genome in a single organism have their own history of evolution, i.e., the genome is a mosaic of genes of different evolutional history. This conclusion conflicts with the generally accepted idea that all the living things diverged by the accumulation of mutations from a single ancestor, which emerged only once on our planet. A hypothesis "evolution without divergence" proposed by the authors in 1985 22) may be one of hypotheses which would solve the problems of discrepant phylogeny among different parts of the genome. This hypothesis states that the major driving force for evolution is interspecies gene exchanges, rather than divergence of species from a single ancestor by the accumulation of mutations, and life might have been originated from multiple ancestors instead of a single ancestor. Efforts have been made to collect pieces of evidence to support this hypothesis. The authors were able to collect many examples that many crucial features and processes are by no means in common in living things in spite of the general belief that most living things have essential biochemical features in common, and that interspecies gene transfer, now called "horizontal gene transfer" or "lateral gene transfer" is more prevailing than what was thought to be in 1985. For example, as much as 24% of genes of thermophilic bacteria, Thermotoga maritima, has been suggested to be brought from archaea by horizontal gene transfer.
27) The reinforced and improved versions of "Evolution without divergence" were published recently.
28),29)
Use of erabutoxins and related neurotoxins in the study of AChR
High affinity of erabutoxins to AChR makes the toxins useful tools in the study of AChR. When Ea and Eb were treated with iodinating reagent containing radioactive [ 131 I]KI at pH 9.6 and 273 K, 30) only Eb was iodinated. 31) Of two histidyl residues, His6 and His26 of Eb, only His26 was converted to 2,4-diiodohistidyl residue. Ea lacks His26. The other residues including His6, Tyr25 and Trp29, in both proteins, were found unmodified. Diiodo-Eb had the same toxicity and crystallizability as the native Eb, and formed a precipitation line with anti-Eb serum of rabbit. 31) Crystals of Ea, Eb and diiodo-Eb showed similar habits and grew in orthorhombic plates or prisms. The crystallographic parameters were similar to each other. 32) The radioactive diiodo-Eb may be used in studying the mechanism of action of the neurotoxins, and in radioimmunoassay experiments. For example, the radioautogram of the diaphragm of a mouse injected with radioactive diiodo-Eb showed the concentration of the toxin at the endplates. 10) Eb labeled with rhodamine and bungarotoxin labeled with fluorescein isothiocyanate were used to distinguish between properties of human and mouse AChRs. 33) ,-Toxin from Naja nigricollis was used as affinity ligands for the purification of detergentsolubilized nicotinic AChR protein.
34)

Three-dimensional structures of venom toxins
For the X-ray crystallographic analysis, one of the authors (N.T.) tried to grow the crystals of neurotoxins. Erabutoxins were crystallized without difficulty, 4) but for unknown reasons, the toxins from other sources were difficult to be crystallized. The author himself tried to crystallize several neurotoxins from sea snakes, but never succeeded. The author sent the crystals of Eb with a PhD student Sato to Dr. Low of Columbia University in New York. The X-ray structure of Eb was reported by Low et al. in 1976, 35) and the refined structure thereof in 1985.
18)
Walkinshaw grew the crystals of ,-cobratoxin, a long neurotoxin from Naja naja siamensis, in a mixture of 2-methylpentane-2,4-diol and pH 2-buffer solution, and reported its X-ray structure in 1980.
36)
The X-ray structures of Eb, a short neurotoxin, ,-cobratoxin, a long neurotoxin, and denmotoxin, a longN neurotoxin, are illustrated in Fig. 6 . All of these toxins share the common features, i.e., three fingers emerging from a dense core make a gently concave surface. The loops forming the three fingers are called loop I, loop II and loop III from the Nterminus, and consist of five antiparallel O-strands and a single unfeatured main chain. These structures, as well as many other reported structures (see Fig. 3 for the PDBids) have the similar folding pattern as are predicted from the presence of many common residues such as Cys residues to form disulfide bridges at corresponding positions. It is thus assumed that all the toxins have the similar three-finger structure shown in Fig. 6 . The refined structure of Ea at 1.5 Å resolution reported by Nastopoulos et al. 37) is very similar to that of Eb.
The solution structure of Eb in D 2 O (Fig. 7 ) elucidated by proton-NMR in collaboration with late Miyazawa and Inagaki 38), 39) was in good agreement with that observed by X-ray crystallography (Fig. 6a) .
Comparison of proton-NMR spectra of Ea and Eb in D 2 O unequivocally identified the signals of C2 and C4 protons of His26 in Eb, because Eb has two histidyl residues, His6 and His26, whereas Ea has only one, His6, and both gave almost identical NMR spectra except for those of C2 and C4 protons of His26 residue in Eb. 40) From the pH (pH meter readings in D 2 O without calibration)-dependence of His26-protons, the pK a value for the imidazole ring was estimated to be 5.8, a value similar to that of free histidine (pK a F 6.04 in H 2 O). Both of C2-proton signals at 8.86 ppm of His26 and 6.87 ppm of His6 were replaced by a single broader signal at 8.60 ppm by lowering the pH from 3.96 to 1.80, at which Eb became denatured. These spectral changes of C2-proton signals indicated that His6 was buried in the interior of the molecule, whose protonation occurred only on the onset of the acid denaturation of Eb. The behaviors of signals in the aromatic region and methyl groups on pH and temperature changes, as well as by other techniques like decoupling, double resonance methods, convolution difference technique, etc., allowed Inagaki et al. 40) to assign the signals of Tyr25, Trp29, and some hydrophobic side chains. From the pH-dependence of the fraction of NMR signal intensity of native Eb, the acid denaturation was found to be reversible with a mid point pH of 2.84, the conclusion being supported by the pH dependence of circular dichroism spectra. The microenvironments of some side chains elucidated by these experiments are schematically illustrated in Fig. 8. 
40)
Structurally essential residues of snake toxins
The amino acid sequences of the venom toxins share four disulfide bridges (Cys3/24, Cys17/41, Cys43/54, and Cys55/60), and Gly40 and Pro44 (numbering of erabutoxins), regardless of the size of the toxin (Fig. 3) . These ten residues are, thus, structurally invariant which are essential to keep the protein in the three-finger structure common to all the known venom neurotoxins. The role of the four disulfide bridges is obvious in keeping the structure. Gly40 may be necessary to snugly fill in the crowded region near the disulfide bridges at the base of loops II and III. Pro44 may be responsible for sharply changing the direction of the peptide backbone just after the disulfide bridge to keep loop III in shape.
The additional disulfide bridge in the long toxin binds up the tip of loop II to make a little protrusion (Fig. 6b) , whereas that in the longN toxin binds the loop I (Fig. 6c) , either of which does not make much influence on the shape of the three-finger structure.
Cytotoxins have amino acid sequences homologous to those of the short neurotoxins, keep all the ten structurally essential amino acid residues, and are very similar in shape as the short neurotoxins shown in Fig. 6a .
Functionally essential residues of snake toxins
From a simple comparison of the amino acid sequences (Fig. 3) , one can say that Ea is a His26Asn mutant of Eb, and Ec is a Lys51Asn mutant of Eb. As there is little difference in the lethality among these toxins, positions 26 and 51 are silent on their activity. Both of these replacements are explained by a single base replacement. In addition to the ten structurally essential residues mentioned above, residues conserved in most (not all) of short and long neurotoxins include Tyr25, Lys27, Trp29, Asp31, Arg33, Gly34, Lys47 and Leu/Ile/Val52, as well as Ser8 in short toxins, and Ala28-Phe29 (numbering of ,-cobratoxin) in long toxins. These residues are candidates for the functionally essential residues of neurotoxins.
Eb has five amino groups, the N-terminus and four lysyl residues, Lys15, Lys27, Lys47 and Lys51. Of five N-acetylated Ebs, ,-N-acetyl, N-acetylLys15 and N-acetylLys51 toxins had full lethality, indicating that these amino groups are not necessary for the toxicity (Lys15 and Lys51 are variable residues in neurotoxins), but the toxicity of N-acetylLys27 and N-acetylLys47 toxins were 17% and 8% of the unmodified Eb, respectively. The overall profiles of circular dichroism spectra of the acetylated derivatives of Eb were similar to that of the unmodified Eb. 41) The only tryptophanyl residue, Trp29 of Ea, which was found not to be buried by NMR and fluorescence intensity measurements, 38) , 40) was destroyed with N-bromosuccinimide in the presence of 8 M urea without modification of Tyr25, and without cleavage of the peptide bond following the modified Trp29.
42) The modified protein was only 3% as lethal as the unmodified Ea. Ea was treated with 2-hydroxy-5-nitrobenzyl bromide, which was known to modify only tryptophanyl residues in proteins. 43) Parallel decrease of tryptophanyl residues and toxicity was observed, but the modified protein showed similar precipitation lines to those of the native Ea in the immunodiffusion experiment. The treated Ea inhibited the binding of radioactive diiodo-Eb to the antibody to the same extent as the native Ea. 42) These results showed that Ea bearing Trp29 modified with 2-hydroxy-5-nitrobenzyl bromide maintained the immunological properties of Ea, but its toxicity was significantly reduced.
Genetic engineering technique was extensively practiced by Ménez, a collaborator of one of the authors (N.T.) to produce various kinds of sitedirected mutants of Ea. 44) , 45) Ten residues, Gln7, Ser8, Gln10, Lys27, Trp29, Asp31, Arg33, Ile36, Glu38, and Lys47, were suggested to be crucial for binding with the nicotinic AChR, of which Ser8 in loop I appeared to be involved in keeping the structure, because its hydroxy group forms a hydrogen bond with main-chain NH of Ile37, a residue sandwiched with the essential Ile36 and Glu38 in loop II. Three residues, Gln10, Lys27 and Arg33, appeared to be the most important. The essential residues except Ser8 and Lys47 are located on the gently concave surface made of the three loops, and Lys47 on loop III locates above one of the edges of the concave surface as shown in Fig. 9 . Mutations of the residues His6, Ser9, Tyr25, Phe32 and Gly34 surrounding the important residues caused moderate affinity decrease. The functionally essential residues are oriented in a manner in which the hydrophobic core (Ile36 D Trp29) is surrounded with two ionic patches (Glu38 D Lys27 and Arg33 D Asp31), one hydrophilic patch (Gln10 D Gln7) and a cation (Lys47), and occupy an area of approximately 680 Å 2 , a value expected for a contact area of protein-protein interactions. 46) Cytotoxins, which are structural analogues of short neurotoxins (vide supra) lack most of the ten functionally essential residues, and do not have affinity to AChR.
By comparison of the proton-NMR spectra of LsIII, a long neurotoxin from L. semifasciata with ,-cobratoxin from Naja naja siamensis, all the aromatic and methyl proton signals have been assigned to specific amino acid residues. 47) It was suggested that the backbone structure of a long neurotoxin was more rigid than that of short neurotoxins. The positively charged surface of LsIII, which is responsible for binding to AChR, was confirmed as the concave surface, and the arrangement of the amino acid residues on this surface was similar to that of all other neurotoxins. Accordingly, the slow on-off rate of association of long neurotoxins with AChR was considered to arise from the rigid backbone structure. A small conformational change was thought to be associated with binding to the receptor protein. 47) The structure of a complex of a long toxin, ,-cobratoxin from Naja naja siamensis (Indian cobra) complexed with an acetylcholine binding protein (AChBP, a structural homolog of the extracellular ligand-binding domain of muscle-type and neuronal nicotinic AChRs) was elucidated. 48) In ,-cobratoxin, ten residues, Trp25, Asp27, Ala28, Phe29, Arg33, Lys35, Arg36, Phe65 and Cys26/30, which were implicated as important for interaction with AChBP by mutagenesis analysis, were found located within contact distance in the complex. These essential residues except Lys35 and Cys26/30 disulfide bridge are located on the gently concave surface, as in the case of Ea shown in Fig. 9 .
Conclusion
None of a single residue is responsible for the binding of erabutoxins to AChR, the target protein of the toxins, but the collaboration of charged side chains (Lys27, Asp31, Arg33, Glu38, Lys47), hydrophilic side chains (Gln7, Gln10), and hydrophobic side chains (Trp29, Ile36) located in appropriate orientation (Fig. 9) are required for the tight binding of the toxin to AChR. Supporting evidence for this conclusion can be found by examining the sequences of toxins of lower toxicity. For example, a short toxin CM-10 from Naja haje annulifera (banded Egyptian cobra), which lacks an essential residue, Asp31, and has bulky Leu9 instead of Ser9, which locates between the essential Ser8 and Gln10 residues, is 3% as toxic as erabutoxins. 49) Another weak toxin CM-2 from Naja haje haje (Egyptian cobra), which is less than 1% as toxic as erabutoxins has only three (Ser8, Lys27 and Trp29) out of the ten functionally essential residues. 50) The facts that N-acetylation of either of essential lysyl residues, Lys27 and Lys47, destruction of essential Trp29 residue, or single replacement of an essential residue by site-directed mutagenesis, did not result in complete loss of toxicity are considered compatible with this conclusion. This conclusion seems to be valid for the long toxin, too, because a toxic component LsIII from L. semifasciata, which has four of the ten functionally essential residues in ,-cobratoxin substituted (Asp27Asn, Phe29Trp, Arg36Val and Phe65Tyr) still retains 18% lethality of ,-cobratoxin.
8)
The present studies on erabutoxins and related neurotoxins contributed to establish a new superfamily of proteins composed of short and long neurotoxins and cytotoxins, and helped elucidate the possible mechanism of the action of the short and long neurotoxins. At the same time, use of neurotoxins as tools for isolating and studying AChR was practiced. A hypothesis "Evolution without divergence" is another outcome emerged from the studies on the snake venom neurotoxins.
